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ABSTRACT 15 
The objective of this research was to evaluate the physical-mechanical properties of wood-16 
cement boards produced with waste particles of Pinus spp. and sufficient levels of pozzolans to 17 
assimilate all Ca(OH)2 produced during the hydration reactions of Portland cement. The 18 
pozzolans used were: silica fume, metakaolin, rice husk ash, and calcined ceramic waste. The 19 
values of the pozzolans were determined based on the theoretical determination of the Ca(OH)2 20 
content produced by the hydration reactions of Portland cement. The pozzolanic activity index 21 
was determined by the modified Chapelle test, according to NBR15895:2010 and NF18-22 
513:2010 standards. The boards were produced through cold compression, and the test 23 
specimens were produced and tested for physical and mechanical properties at 28/91 days of 24 
curing, according to ASTM-1037:2012, EN-317:1993, NBR-9778:2005 and ASTM-642:2002 25 
standards. The minimum values employed in the Bison® commercial process were used as 26 
reference for the physical-mechanical characterization. The boards produced presented good 27 
physical-mechanical properties even with high levels of replacement of cement by pozzolans. 28 
These properties were similar to the ones presented by the reference boards, despite the 29 
significant reduction in the specific mass of the prototype boards, which demonstrates the 30 
technological possibility of use of these materials in the production of wood-cement boards.  31 
Keywords: Compressive strength, construction materials, internal bond, particleboards, 32 
pozzolans, swelling, wood waste. 33 
34 
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INTRODUCTION 35 
Much of the waste generated by the industry has potential to return to the production 36 
chain and generate new materials, including the waste from the timber industry. Brazil is the 37 
fifth largest agricultural producer in the world. According to the latest survey of the National 38 
Forest Information System (SNIF 2016), 267.69 million cubic meters of wood were extracted 39 
and about 1.93 million tons of waste were produced in2015, which could serve as fuel for 40 
energy production, through the release of CO2. If not properly disposed, this waste ends up in 41 
landfills and undergoes a process of biodegradation, therefore releasing methane, which is up 42 
to 72 times more harmful than CO2 for the greenhouse effect (Doudart de La Gree 2014, Cechin 43 
2017).  44 
The waste of other industries also has potential, for instance, those from national steel 45 
industries, such as the silica fume (SF), which is a by-product of silicon metal and other silicon 46 
alloys manufacture (Sruthi and George 2017), and the red ceramic waste (RCW), which is 47 
produced through the calcination or dehydroxylation of kaolinite, illite and montmorillonite 48 
clays at temperatures between 500ºC and 800ºC and results in an amorphous material with 49 
pozzolanic properties (Garcia et al. 2015). Rice husk ashes (RHA), a by-product of rice husk 50 
burning, are in general disposed inappropriately in the environment. (Tashima et al. 2012).  51 
These materials as well as the metakaolin (MK), generated by the commercial 52 
production of the calcination of kaolinitic clays, are named pozzolans. They have the capacity 53 
to react with Ca(OH)2, resulting in stable compounds with binding powers, and can replace, to 54 
some levels, the Portland cement in cementitious materials (Souza et al. 2014). Among the 55 
materials that can be produced by adding value to this waste there are the wood-cement boards 56 
(Claramunt et al. 2015). 57 
Wood-cement boards present a number of advantages when compared to wood or 58 
asbestos cement, such as fire and storm resistance, good acoustic insulation, dimensional 59 
stability, resistance to attacks from biodegradable agents, and high resistance in relation to their 60 
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low weight. Besides, they do not emit toxic waste during their production and do not use 61 
asbestos, which is already banned in several countries and in some Brazilian states (Tichi et al. 62 
2016, Hamouda et al. 2015). 63 
Conversely, according to Fan et al. (2012), the remaining Ca(OH)2 in the hydrated 64 
cementitious matrix increases the pulp pH to approximately 12.5, causing the wood swelling, 65 
dissolution, and degradation. The pH increase can remove most of the extractives and dissolve 66 
considerable parts of the wood components, especially the hemicellulose. It also provides 67 
dimensional changes in the wood-cement composite. 68 
To reduce the alkalinity of the cementitious matrix, some authors recommend the use of 69 
pozzolans, such as silica fume, metakaolin (Ribeiro 2016), calcined ceramic waste (Lima et al. 70 
2011), and rice husk ash (Lima and Iwakiri 2011). 71 
For Kulakowski et al. (2009), the pH reduction in cementitious matrices with partial 72 
replacement of cement by pozzolans can be explained by the incorporation of OH- and Ca2+ 73 
ions into the C-S-H structure formed during the pozzolanic reactions. The concentration of ions 74 
present in the solution of the cementitious matrix pores is altered by the cement hydration time. 75 
After a few hours of cement hydration, the solution presents an increase in alkaline bases, KOH, 76 
and NaOH, and a decrease in the concentration of Ca(OH)2, which is less soluble. By the 77 
addition of pozzolans, the alkalinity of the pore solution is altered according to the chemical 78 
composition of the additive used (Baroghel-Bouny et al. 2014). 79 
This reaction as well as the heat release rate and the resistance development are slow 80 
processes, and they occur according to the expression by Baroghel-Bouny et al. (2014) and 81 
Ardanuy et al. (2015): 82 
Pozzolan + Ca(OH)2 + H2O → CSH     (1) 83 
3Ca+++2H2SiO42-+2OH-+2H2O →Ca3[H2Si2O7](OH)2.3H2O   (2) 84 
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The Brazilian NBR 15895 (ABNT, 2010) and French NF P 18-513 (AFNOR, 2010) 85 
standards present the modified version of the Chapelle method, which is the methodology that 86 
has been most used to determine the Ca(OH)2 content fixed by a material with pozzolanic 87 
characteristics. The result is expressed in mg of CaO or Ca(OH)2/g of pozzolan. In Brazil, the 88 
material pozzolanicity is acknowledged when the CaO consumption exceeds 330 mg CaO/g of 89 
pozzolan. On stoichiometry, this value corresponds to 436 mg Ca(OH)2/g of pozzolan 90 
(Macioski 2017). 91 
Thus, the objective of this research was to evaluate the physical and mechanical 92 
properties of wood-cement boards produced with waste particles of Pinus spp. and four types 93 
of pozzolans: silica fume, metakaolin, rice husk ash, and calcined ceramic waste. 94 
 95 
MATERIAL AND METHODS 96 
Waste particles of Pinus spp were collected at a logging company located in the 97 
municipality of Almirante Tamandaré (state of Paraná, Brazil). Silica fume (SF), commercially 98 
named Silmix®, and metakaolin (MK), commercially Metacaulim HP®, were purchased from 99 
a building materials store in the city of Curitiba (state of Paraná, Brazil). Rice husk ash (RHA) 100 
came from the city of Jaraguá (state of Santa Catarina, Brazil), and calcined ceramic waste 101 
(CCW) was provided by a pottery located in the city of Curitiba. 102 
 The Portland cement used in this research was the CPV-ARI, purchased in a market of 103 
Curitiba. It was also used: the accelerating effect; The calcium chloride bihydrate 104 
(CaCl2.2H2O), pH = 8.50, to accelerate the process, was produced by the IPC do Nordeste Ltda, 105 
located in the city of Camaçari (state of Bahia, Brazil); and the third-generation superplasticizer 106 
additive – polycarboxylate base – MC Powerflow 1095, pH = 6.75, manufactured and 107 
distributed by the MC – Bauchemie Brasil Indústria e Comércio Ltda.  108 
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The waste particles of Pinus spp. used in this research presented a total extractive 109 
content of 2.43% and pH of 5.07. Tests to determine these values were conducted according to 110 
the TAPPI T 204 cm (TAPPI 2017) and TAPPI T 252 om (TAPPI 2016) standards.  111 
The definition of the pozzolanic activity index (PAI) of the pozzolans was done based 112 
on the modified Chapelle method, in accordance with the NBR 15895 (ABNT, 2010) and NF 113 
P 18-513 (AFNOR, 2010) standards. After determining the Ca(OH)2 content fixed by the 114 
pozzolans, the minimum amounts of SF, MK, RHA, and CCW sufficient and necessary to 115 
assimilate all Ca(OH)2 of the hydrated cement were determined. 116 
According to previous studies by Lima et al. (2011), the boards were produced with 117 
cement-wood composites with a cement/wood  ratio equal to 1/13.33 in order to maximize the 118 
effect of cement replacements, and a water/cement ratio equal to 0.40. The dosage of the 119 
materials was performed for a nominal density of the boards of 1.50 g/cm3. To correct water 120 
content, the fiber saturation point (FSP) of 30% was considered. The waste particles of Pinus 121 
spp. were initially pretreated in cold water extraction for 24 hours. The cement-settin 122 
accelerator effect content used was 4.5% in relation to the composite cement mass and the 123 
superplasticizer additive content. In composites with partial replacements of cement by 124 
pozzolans, it varied according to the content and type of pozzolan used, so that the composite 125 
had a constant consistency of 250 ± 5 mm. This consistency was adopted as the standard since 126 
it was determined for the reference composite, which was produced with no cement 127 
replacement. 128 
The boards were produced though cold compression, with specific pressure of 129 
40kgf/cm², and their dimensions were 270 mm x 220 mm x 12.5 mm.  They were superimposed 130 
in groups of 4 boards and kept nailed for 24 hours (initial curing) (Fig. 1b and 1c). For the 131 
compression molding, the universal test machine Emic (Instron Brasil), model DL 30000, was 132 
used. After this period, demolding was performed (Fig. 1d) by removing the fixation nails, and 133 
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the boards were stored in a humidity chamber at the temperature of 23 ± 2ºC and relative 134 
humidity of 95% or higher. After curing for 28 and 91 days, the boards were sawed to produce 135 
the test specimens; the dimensions were in accordance with the ASTM D 1037 (ASTM, 2012) 136 
standard. 137 
 
 
(a) (b) 
 
 
(c) (d) 
Figure 1: Prototype boards production. (a) Mixing of components (b) Placing in the forms (c) 138 
Compression and stapling (d) Deforms. 139 
 140 
Tests to determine the compressive strength (CS), internal bond (IB), modulus of 141 
rupture (MOR), and modulus of elasticity (MOE) in static bending were performed according 142 
to the ASTM D 1037 (ASTM, 2012) standard, whereas tests to determine thickness swelling 143 
(TS) after 24 hours were conducted according to the European EN 317 (EN, 1993) standard. 144 
Dry density (DD) was determined according to the NBR 9778 (ABNT, 2005) and ASTM C 642 145 
(ASTM, 2002) standards. The mechanical properties of the boards were determined in a 146 
universal test machine Emic (Instron Brasil), model DL 10000. The results were compared to 147 
the reference values of the Bison® industrial production process (NCL IND 2011). 148 
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They were statistically analyzed with the aid of ANOVA, and the averages of the values 149 
observed were compared via Tukey test at confidence level of 95%. 150 
  151 
RESULTS AND DISCUSSION 152 
Ca(OH)2 content from the Portland cement CPV-ARI used in this research and 153 
determined by stoichiometry resulted in 27.39%.  154 
Based on the pozzolan analyses by the Chapelle method, the fixed Ca(OH)2 contents 155 
were determined, as presented in Table 1. According to the Chapelle test values, the minimum 156 
and sufficient pozzolan contents were determined for the sufficient minimum amount to 157 
assimilate the 27.39% of Ca(OH)2 produced in the cement hydration. The values obtained were: 158 
29.45% for SF replacement; 29.16% for MK; 31.76% for RHA; and 47.63% for CCW. In order 159 
to facilitate the research, rounded figures were adopted (30% for SF and MK; 35% for RHA; 160 
and 50% for CCW). 161 
Table 1: Ca(OH)2 contents fixed by pozzolans. 162 
Pozzolan ICa(OH)2 
(mg Ca(OH)2/g pozzolan) 
CV 
(%) 
Error 
(%) 
SF 656.02A 0.33 1.24 
MK 665.34A 0.43 1.65 
RHA 588.63B 1.34 4.55 
CCW 301.13C 2.86 4.97 
Different letters in the ICa(OH)2 column indicate statistical differences among the averages at confidence level of 163 
95%; Averages were obtained through 3 replicates; SF: Silica fume; MK: Metakaolin; RHA: rice husk ash; CCW: 164 
Calcined ceramic waste; CV: Coefficient of variation; Error: Standard error. 165 
 166 
Before the composites production process, an analysis of the superplasticizer additive 167 
consumption was conducted to keep the composite consistency at 250 ± 5 mm. This value was 168 
determined in flow table, in accordance with the NBR 7215 (ABNT, 2009) standard. The 169 
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required additive content was 1% in relation to the sum of the cement and pozzolans used 170 
amount. 171 
Table 2 shows the dry density of the boards produced. Values obtained for all boards in 172 
dry state were higher than 1.0 g/cm3, as recommended by the BS 323 (BSI, 1993) standard. 173 
Densities of the boards produced with Portland cement replacements were significantly lower 174 
than those of the reference boards, with reductions of around 7.01% (MK30) to 15.92% (SF30).  175 
 Table 2: Dry density of boards. 176 
Board 
DD28d 
(g/cm3) 
CV 
(%) 
Error 
(g/cm3) 
Variation of DD (%) 
REF 1.57A 0.57 0.004 - 
SF30 1.32E 0.58 0.004 -15,92% 
MK30 1.46B 0.72 0.005 - 7.01% 
RHA35 1.40D 0.52 0.004 -10.83% 
CCW50 1.44C 0.86 0.006 -  8.28% 
Different letters indicate statistical differences among averages at confidence level of 95%; Averages were 177 
obtained through 4 replicates; SF: Silica Fume; MK: Metakaolin; RHA: Rice husk ash; CCW: Calcined ceramic 178 
waste; DD: Dry density; CV: Coefficient of variation; Error: Standard error. 179 
 180 
Table 3 shows the board thickness swelling after 24 hours of water saturation. As 181 
can be seen, all boards presented very low values and no significant differences among 182 
them, at both 28 and 91 days of cure. The ST values were 79% lower than those 183 
determined for composites produced with P. taeda particles, 73.16% lower than those 184 
produced with P. maximinoi, 72.47% lower than those produced with P. tecunumanii, 185 
60% lower than those produced with P. oocarpa and 75.63% lower than those produced 186 
with P. caribaea, as presented in Iwakiri et al. (2017). These results, for all panels, were 187 
lower than the limit value, which is 1.8%, indicated by the Bison process (NCL IND 188 
2011), and also lower than the 1.5%, maximum value established in EN 317 (EN 1993).  189 
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 Table 3: Thickness swelling (TS) variation after 24 hours of saturation. 190 
Board 
TS28d 
(%) 
CV 
(%) 
Error 
(%) 
TS91d 
(%) 
CV 
(%) 
Error 
(%) 
REF 0.20A 22.61 0.022 0.21A 23.66 0.024 
SF30 0.22A 25.79 0.028 0.21A 27.12 0.029 
MK30 0.21A 30.72 0.033 0.21A 24.10 0.026 
RHA35 0.23A 20.05 0.023 0.20A 7.40 0.007 
CCW50 0.19A 28.33 0.027 0.23A 20.77 0.024 
Different letters indicate statistical differences among averages at confidence level of 95%; Averages were 191 
obtained through 4 replicates; SF: Silica Fume; MK: Metakaolin; RHA: Rice husk ash; CCW: Calcined ceramic 192 
waste; TS: Thickness swelling; CV: Coefficient of variation; Error: Standard error. 193 
 194 
By analyzing the values shown in Table 4, it can be concluded that the boards produced 195 
with replacement of Portland cement by pozzolans presented lower results compared to those 196 
determined for the reference boards (34.73 MPa at 28 days and 42.78 MPa at 91 days of curing). 197 
This phenomenon was not expected, since pozzolans should assimilate all Ca(OH)2 from the 198 
cementitious matrices, transform it into C-S-H and keep the resistance values at the same levels 199 
as the reference boards, especially at 91 days of curing. Even so, the determined CS values are 200 
well above the 18.13 MPa found by Matoski et al. (2013) or 10.37 MPa, determined by Bertolini 201 
et al. (2014), and higher than those determined by Garcez et al. (2016), which presented CS 202 
values between 4.16 MPa to 7.35 MPa for composites produced with P. elliotti. 203 
 204 
 205 
 206 
 207 
 208 
 209 
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Table 4: Compressive strength (CS) variation of the boards. 210 
Board 
CS28d 
(MPa) 
CV 
(%) 
Error 
(MPa) 
CS91d 
(MPa) 
CV 
(%) 
Error 
(MPa) 
REF 34.73B 1.57 0.27 42.78A 15.75 3.01 
SF30 26.77D 13.22 1.25 31.05BC 11.52 1.26 
MK30 22.33E 10.97 0.87 28.04CD 7.49 0.74 
RHA35 29.57CD 14.81 1.55 34.13B 14.09 1.70 
CCW50 27.19CD 10.57 1.02 34.74B 17.46 2.14 
Different letters indicate statistical differences among averages at confidence level of 95%; Averages were 211 
obtained through 4 replicates; SF: Silica fume; MK: Metakaolin; RHA: Rice husk ash; CCW: Calcined ceramic 212 
residue; CS: Compressive strength; CV: Coefficient of variation; Error: Standard error. 213 
 214 
Table 5 show the values established for the perpendicular tensile strength (internal bond 215 
- IB) of the prototype boards. 216 
 217 
Table 5: Internal bond (IB) variation of the boards. 218 
Board 
IB28d 
(MPa) 
CV 
(%) 
Error 
(MPa) 
IB91d 
(MPa) 
CV 
(%) 
Error 
(MPa) 
REF 1.09ABCDE 12.91 0.06 1.17ABC 12.61 0.06 
SF30 1.01CDE 14.78 0.06 1.14ABCD 15.36 0.07 
MK30 1.07BCDE 10.78 0.05 1.26A 5.58 0.03 
RHA35 0.97DE 3.35 0.01 1.24AB 21.15 0.11 
CCW50 0.95E 19.44 0.08 1.13ABCDE 15.32 0.07 
Different letters indicate statistical differences among averages at confidence level of 95%; Averages were 219 
obtained through 8 repetitions; SF: Silica fume; MK: Metakaolin; RHA: Rice husk ash; CCW: Calcined ceramic 220 
waste; IB: Internal bond; CV: Coefficient of variation; Error: Standard error. 221 
 222 
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The IB values obtained for all boards are above the value of 0.40 MPa indicated by the 223 
Bison® process (NCL IND 2011) and are also higher than the minimum value indicated in EN 224 
319 (EN, 1993), which is 0.41 MPa. The values determined in this research are similar to those 225 
determined by Azambuja et al. (2017), who found IB values of 0.96 MPa for similar composites 226 
without the addition of pozzolans and higher values than those determined by Iwaikiri et al. 227 
(2017), who researched composites with 5 species of Pinus, finding IB values between 0.41 228 
MPa and 0.85 MPa. 229 
This result demonstrates that the levels of replacement of cement by pozzolans did not 230 
reduce the internal bond values of the boards, instead, the MK30 and RHA35 panels showed 231 
better performance than the REF panels at 91 days of curing. This can be explained by the 232 
pozzolanic reactions that transformed the excess of Ca (OH)2 of the cementitious matrix into 233 
C-S-H. 234 
Regarding the values of modulus of rupture (MOR) in static bending (Table 6), none of 235 
the boards reached the reference minimum resistance value of 9.0 MPa indicated by the Bison® 236 
process (NCL IND., 2011) and the EN 310 (EM, 1993),  which may be a consequence of the 237 
increased fragility of the boards, even with regards to those from the reference, due to the high 238 
levels of binding agents used. Significant differences between the values determined for 239 
reference boards and boards produced with pozzolans may be noticed on tests after 91 days of 240 
curing. Moreover, it can be verified that the MOR growth between 28 and 91 days of curing 241 
was much more noticeable for the reference boards than for those produced with pozzolans. 242 
This outcome was not expected, since the pozzolanic reactions should be completed and all 243 
Ca(OH)2 from the cement should be transformed into C-S-H at 91 days of curing. The 244 
determined MOR values are similar to those determined by Iwakiri et al. (2017), who 245 
researched composites without replacing cement with pozzolans and with five different Pinus 246 
species, and found MOR values between 3.90 MPa to 5.59 MPa. 247 
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Table 6: Modulus of resistance (MOR) in static bending variation. 248 
Board 
MOR28d 
(MPa) 
CV 
(%) 
Error 
(MPa) 
MOR91d 
(MPa) 
CV 
(%) 
Error 
(MPa) 
REF 5.69BCD 6.48 0.18 7.47A 16.74 0.72 
SF30 4.25 G 14.48 0.31 4.40FG 8.76 0.19 
MK30 4.88EFG 5.92 0.14 5.96BC 9.26 0.28 
RHA35 5.26CDE 9.18 0.24 6.08B 9.49 0.29 
CCW50 5.01DEFG 1.13 0.03 5.13DEF 10.96 0.28 
Different letters indicate statistical differences among averages at confidence level of 95%; Averages were 249 
obtained through 8 repetitions; SF: Silica fume; MK: Metakaolin; RHA: Rice husk ash; CCW: Calcined ceramic 250 
waste; MOR: Modulus of resistance in static bending; CV: Coefficient of variation; Error: Standard error. 251 
 252 
Table 7 show the modulus of elasticity (MOE) values for the boards produced. All 253 
values are above the minimum resistance value of 3.0 GPa indicated by the Bison® process 254 
(NCL IND 2011) and the EN 310 (EN, 1993), which is 4.5 GPa. The values of MOE determined 255 
in this research are between 3 and 4 times higher than those determined by Iwakiri et al. (2017), 256 
which ranged from 1.94 GPa to 3.30 GPa. This can also be explained by the high cement / wood 257 
ratio used in the production of the prototype panels. 258 
At 28 days of curing, no significant differences were observed between the reference 259 
boards and those with pozzolans, except for the boards produced with 50% of CCW. At 91 days 260 
of curing, the MOE evolution for the boards produced with pozzolans was lower than the 261 
evolution observed for the reference boards, which provides significant statistical differences 262 
within the prototypes at this age.  263 
 264 
 265 
 266 
 267 
 268 
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Table 7: Modulus of elasticity (MOE) in static bending variation. 269 
Board 
MOE28d 
(GPa) 
CV 
(%) 
Error 
(GPa) 
MOE91d 
(GPa) 
CV 
(%) 
Error 
(GPa) 
REF 11.19BC 11.15 0.62 16.20A 19.65 1.59 
SF30 9.47CD 19.92 0.94 9.96CD 9.27 0.46 
MK30 10.34CD 9.70 0.50 12.35B 14.13 0.87 
RHA35 9.89CD 5.66 0.28 10.35CD 6.99 0.36 
CCW50 8.39D 8.07 0.34 9.69CD 5.57 0.27 
Different letters indicate statistical differences among averages at confidence level of 95%; Averages were 270 
obtained through 8 repetitions; SF: Silica fume; MK: Metakaolin; RHA: Rice husk ash; CCW: Calcined ceramic 271 
waste; MOE: Modulus of elasticity; CV: Coefficient of variation; Error: Standard error. 272 
 273 
CONCLUSIONS 274 
The waste wood of Pinus spp. showed good performance as a 275 
lignocellulosic aggregate for the production of wood-cement boards, with or without the use of 276 
pozzolans.  277 
Based on the PAI determination by the modified Chapelle method, silica fume (SF), 278 
metakaolin (MK), and rice husk ashes (RHA) present high levels of pozzolanic activity and can 279 
be used on partial replacement of Portland cement for the production of boards.  The calcined 280 
ceramic waste (CCW) presented pozzolanic activity index below the minimum value 281 
recommended to be used as a cement replacement. Thus, high levels of replacement are 282 
necessary to assimilate the Ca(OH)2 produced in the Portland cement hydration. 283 
The boards produced with pozzolans presented decreased dry density (DD) values and 284 
low thickness swelling (TS) values. The internal bond (IB) values determined by the boards 285 
produced with pozzolans showed no difference compared to the values determined by the 286 
reference boards, and they were higher than the reference values for commercial boards. 287 
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Conversely, they decreased in compressive strength (CS) at both 28 and 91 days of 288 
curing, in comparison to the values determined for the reference boards. It also occurred for the 289 
modulus of resistance (MOR) in static bending and the modulus of elasticity (MOE), but despite 290 
this decrease in values in these determined characteristics, the values of CS, MOR and MOE 291 
are comparable to the materials produced by other researchers cited in the work and are, in most 292 
cases, above the minimum values recommended by the references used, Bison® process (NCL 293 
IND 2011) and the EN 310 (EN 1993), which indicates that the replacement of Portland cement 294 
by the studied pozzolans can be recommended, mainly due to the environmental gains related 295 
to the manufacture of Portland cement.  296 
 297 
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